Abstract
Introduction
Twisted Nematic Liquid Crystals Displays (TN-LCDs) for Active Matrix seize the global market for numerous applications. Some difficulties, such as limited viewing angle and contrast are yet to be overcome and this requires also continuous improvement of liquid crystal materials. The physical phenomena inside the LC have to be studied thoroughly. One of these is ion transport. The application of long-term DC voltages to the cell leads to image sticking phenomena due to conduction through the liquid crystal. The understanding of long-term ion transport is therefore of key importance for successful applications. A thorough study was made to relate the leakage currents with the cell parameters and to find a full theoretical model explaining the ion transport in TN test cells.
Results
The 1cm 2 -pixels are 3.5µm thick and filled with a fluorinated mixture for first minimum AM-devices with very high resistances. Two sets of four cells were made with 4 alignment layer (a.l.) thicknesses (d al ) and 2 alignment layer types: SE-5291 from Nissan Chemical, which has also a very high resistance of 10
17
Ωcm while the alignment layer type AL3046 has a weaker resistance of 3.10 13 Ωcm. First a relaxation bias voltage is applied to each cell, and then a small positive stress voltage is superimposed during the stress time. Afterwards the cell is relaxed during 100s and the opposite stress voltage is applied. After a new relaxation, a higher positive voltage is applied and the cycle is repeated for many voltages between 0 and 10 V. The measured IV-curves at different stress times are given in Fig. 1 for a test cell with d al =100nm with a.l.-type SE5291 at 50°C. These S-curves have been studied theoretically in the past [1, 2] , were discovered in non-polar It is also to be noted that two pixels of the same cell give about the same result and that the S-curves are reproducible and can be measured from lower to higher voltages and vice-versa. The measured pixels with a.l.-type AL3046 also show S-curves, but although the current density level is of the same order, they never have a clear compensated area higher then 0.1 V. J sat still shows the same behaviour as for SE5291 (Fig 4) .
Looking at the current behaviour in function of time after the transient period (Fig 5 for SE5291, Fig 6. for AL3046), an experimental power law is found:
This law is valid for several hours until the separated ions start compensating the electrical field and the current decreases drastically. It is clear that SE5291 shows compensation while AL3046 does not. The power ε seems to decrease very slightly with the temperature (although the measured temperature area is too small to be sure). ε is independent of the alignment layer thickness and of the voltage and equals 0.25-0.3. (Fig 7) Only the cell with AL3046 and a very thin alignment layer has an ε-value of 0.15 but this cell is unstable at higher voltages or temperatures.
Theoretical model
The generation and recombination model can give the explanation for the measured curves. Articles and experiments indicate that polar, partially dissociable molecules are the most likely origin of impurities [5, [9] [10] . Non-dissociable molecules do not take part as they do not react on the applied field and strongly dissociable molecules dissolve only with great difficulty in liquid crystals. Such strongly dissociable molecules would also give rise to clear changes in the transient and regime measurements we perform. On a short time scale, no changes are detected which can be related to generation and recombination. Furthermore, during the long time measurements, no deviation of the power law can be found which may be related to a lack of neutral molecules as might occur with high generation constants related to high dissociation degrees. Therefore weakly dissociable molecules such as organic salts, phenols or bases are the most likely. These have generation constants β 0 of the order of 10 -7 to 10 -5 /s [8] . When these neutral molecules n o (1/m 3 ) are dissociating with generation constant β 0 (1/s) and recombination constant α (m 3 /s), the theoretical saturation current is given by [1, 4] : µ β α / =eµn ev , n ev the equilibrium charge density and µ its mobility. The saturation current of (2) is given by J sat =β o n o ed and is thus proportional to β o . The recombination constant α and the mobility µ are linked by Langevin's theory α=e(2µ)/ε 0 ε r [5] . Onsager [7] firstly described that, in very high electrical fields of 10 5 to 10 7 V/m, the ions are generated faster because E destabilises the neutral molecules. The first-order Onsager theory predicts an increase of the generation with the electrical field:
The liquid crystal used has an ε=8 (above threshold) giving a firstorder current tangent b 1 of 1.2e-7m/V at 50°C. Looking at Figure   1 ,2 and for all measured cells and temperatures (Figure 8 ), the S sat /J sat values are only slightly higher which means a good correspondence. The time behaviour of the current can be theoretically modelled in the generation constant by:
The origin of this law might be the time dependency of local concentration of the neutral ion kinds, the occurrence of different generated ion kinds, combined with the injection process and diffusion of neutral ions from the lateral borders of the pixels. In reality, more then one process can be present and these are not limited to uni-univalent dissociations. The full complexity of these chemical processes can be experimentally modelled in this easy power law.
Explanation
The measurement results can now be explained: A constant charge (Q) near the alignment layers causes a higher voltage drop across it when the alignment layer is thick (low C al ). Therefore, even when the same current has been flowing, V c of the thicker alignment layer is higher. The current then decreases earlier due to the decrease of the voltage across the bulk itself. The temperature dependency of J sat and V c may be explained by the observation that the generation constant β o is linked to the Arrhenius-relationship of the thermodynamical equilibrium. As the neutral ion density and the generation constants are parameters of the liquid crystal, no dependency of the saturation current on d al could be expected. These parameters depend also on the place inside the test cell and the ageing of the cell, which explains why two consecutive measurements rarely give the same result. The difference in compensation voltage can be modelled by a different resistance value of the alignment layer. For the highly resistive alignment layer SE5291, the charged ions arrived at the border increase the voltage drop across the alignment layer. This voltage drop increases with the alignment layer thickness (low C al ) and with the stress time (Fig 3) . The electrical field in the liquid crystal bulk is more weakened and due to recombination, the current decreases faster leading to a higher compensated area. As a consequence of the power law in the current, the charge built-up near the alignment layer also shows a power law with power (1-ε)≈0.7. This means that also the compensated area V c , which results from the charge built-up, shows such a power behavior (Fig.9 ).
For the leaky alignment layer type AL3046, the ions leak away through the alignment layer and the compensated voltage area V c remains very low.
Simulations
The Onsager dependency and the power-law were inserted in our simulation program Glue++ [5] and a very good fit was present between measurement and simulation ( Figure 1 compared to 10 ). The fact that the compensated area V c is somewhat larger is mainly due to leakage through the alignment layer.
Impact
The performed measurements give a clear overview on how longterm ion transport is occurring in LCD. We can see clear differences in the behaviour of two alignment layers types and the influences of temperature and alignment layer thicknesses. We demonstrated the presence of generation and recombination allowing a correct fitting of many parameters linked to the imagesticking phenomenon. This is of much use for the comprehension of image sticking and the performance evaluation of different liquid crystal displays.
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